brospinal fluid. In both it was found to be in the low microsites normally are saturated. If they are not, then alterations in molar range (Kemp and Leeson 1993; Westergren et al. local glycine concentration could modulate excitatory synaptic transmission. By using an in vitro brain stem slice preparation we 1994) and thus could be saturating for some NMDA-Rs and investigated whether the glycine site is saturated for synaptically not for others. However, the concentration of glycine in the activated NMDA-Rs in neonatal rat hypoglossal motoneurons. We synaptic cleft could be much lower if glycine transporters found that the NMDA-R-mediated component of spontaneous (Borowsky et al. 1993; Lukasiewicz and Roeder 1995 ; Smith miniature excitatory postsynaptic currents could be potentiated by Zafra et al. 1995) were strategically placed exogenously applied glycine as well as by D-serine. The effects of around the cleft. In rat brain some mRNAs encoding glycine glycine were observed only at concentrations (100 mM or more) transporters are localized to regions that also contain high two orders of magnitude above the apparent dissociation constant levels of NMDA-Rs and low levels of inhibitory glycine of glycine from NMDA receptors. In contrast, D-serine, a nontransreceptors. This suggests that the local glycine concentration ported NMDA-R glycine site agonist, was effective in the low micromolar range, i.e., at concentrations similar to those found to may be tightly regulated by glycine transporters at NMDAbe effective on isolated cells or on outside-out patches. We con-R-containing synapses (Smith et al. 1992) .
clude that at these synapses the glycine concentration around synIn the absence of direct evaluations of either the NMDAaptic NMDA-Rs is set below the concentration required to saturate R glycine EC 50 or the concentration of glycine in the synaptic their glycine site and is likely to be stabilized by a powerful glycine cleft, attempts to determine whether the resting level of glytransport mechanism.
cine is saturating mostly examined if adding exogenous glycine potentiates either the response to exogenous NMDA or I N T R O D U C T I O N the NMDA component of synaptic currents. Results were variable because both an absence of potentiation (Fletcher Johnson and Ascher (1987) first demonstrated in brain et al. 1989; Kemp et al. 1988 ) and potentiation (Thomson neurons that exogenously applied glycine augmented the re-et al. 1989; Watanabe et al. 1992; Wilcox et al. 1996) were sponse of N-methyl-D-aspartate receptors (NMDA-Rs) to described. Addition of D-serine, which is a potent agonist at NMDA. The mechanism of interaction between glycine and the glycine binding site (Schell et al. 1995; Thomson 1990) NMDA-Rs was the subject of intensive investigation (Kemp but is not taken up by glycine transporters (Supplisson and and Leeson 1993; Thomson 1990) , and it was generally Bergman 1997) mostly produced a potentiation of NMDA agreed that occupation of the glycine binding site is a prereq-synaptic currents (Daw et al. 1993; Watanabe et al. 1992) . uisite for NMDA-R activation by glutamate (Kemp and LeeThe interpretation of these observations is difficult. Absence son 1993).
of potentiation by glycine could indicate saturation of the A key issue is whether glycine is a significant modulator glycine site but could also result from the presence of very of NMDA-R activity or is it always present at supramaximal powerful uptake systems that protect the synaptic cleft from amounts and therefore not capable of modulating NMDAa rise in glycine concentration. Conversely, the observation R-mediated excitatory synaptic activity. The uncertainty rethat there is a potentiation by glycine or D-serine in a slice garding the regulatory role for glycine arises because the certainly indicates that the glycine site is not saturated. glycine concentration in the synaptic cleft is unknown and
In light of recent work demonstrating that glycine transbecause different NMDA-R isoforms have different affinities porters can lower the local glycine concentration by many for glycine. The EC 50 for glycine is as low as 100-300 orders of magnitude in restricted spaces (Supplisson and Supplisson and Bergman,1997; Wilcox et al. 1996) ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. that in the synaptic cleft transporters lower the glycine con-centration far below that of the surrounding extrasynaptic space. We compared the concentrations of glycine and Dserine producing a given potentiation of the NMDA component of spontaneous mEPSCs in rat hypoglossal motoneurons. D-Serine at 1-30 mM produced a potentiation. Glycine produced a potentiation only when its concentration was raised to the 100 mM range. Because the EC 50 s for the two compounds are very similar (Monahan et al. 1989; Snell et al. 1988; Thomson 1990; Watson et al. 1990 ), the discrepancy suggests that the glycine sites are not saturated and are isolated from the exogenous glycine by a powerful uptake system.
M E T H O D S

Brain stem slice preparation
Experiments were performed on hypoglossal motoneurons recorded in brain stem slices of rats aged 6-18 days. The brain stem slice preparation was essentially that described by Umemiya and Berger (1994) , with the exception that transverse brain stem slices were cut at a thickness of 250-300 mm instead of 120-130 mm. Slices were incubated at 34ЊC for Ç1 h and then maintained at room right microscope (Zeiss) equipped with infrared differential inter-derived from 231, 188, 170, and 80 events in control, 300 mM and 1 mM ference contrast optics and a video camera. Incubation and re-glycine, and in 50 mM APV, respectively. B: average NMDA component cording chambers were continuously perfused with carbogen as a function of increasing concentrations of extracellular glycine. The gassed bicarbonate-buffered solution containing (in mM) 125 NMDA component was measured as charge transfer between 10 and 100 NaCl, 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , ms after mEPSC onset and plotted here as a percentage of its magnitude during control conditions. Bar heights are means { SE, and each data point and 25 glucose. When recording spontaneous miniature excitatory is derived from average mEPSCs in ¢3 motoneurons. postsynaptic currents (mEPSCs) at negative holding potentials, MgCl 2 was excluded from the perfusate. During recording of and each was accepted for further analysis only if during the first mEPSCs, the following inhibitors were added to the external solu-100 ms of its time course there was no indication of contamination tion (in mM): 0.5-1 tetrodotoxin, 1 strychnine, and 10 bicuculline.
by other synaptic events. Each 120 s of data contained Ç50 -In some experiments we blocked the NMDA component of the 250 spontaneous mEPSCs. These events were averaged, and the mEPSCs with 50 mM aminophosphonovaleric acid (APV) and the averages were used for subsequent quantitative analyses. non-NMDA component with 5 mM 6-nitro-7-sulfamoylbenzo[ f]-quinoxaline-2,3-dione (NBQX).
Analysis
Patch electrodes were fabricated from borosilicate glass capillaries on a two-stage puller to a DC resistance of 4-5 MV and filled
The spontaneous mEPSCs were composed of the two compowith a solution containing (in mM) 100 cesium gluconate, 20 nents, a fast non-NMDA and a slower NMDA component (O'Brien tetraethylammonium chloride, 10 N-2-hydroxyethyl-piperazine-et al. 1997) . The non-NMDA-R-mediated mEPSC could be iso-N-2-ethanesulfonic acid (HEPES), 4 NaCl, 10 ethylene glycol-lated by perfusing the slice with APV. We found that the nonbis(b-aminoethyl ether)-N,N,N,N-tetraacetic acid (EGTA), 5 li-NMDA-R-mediated component decayed to 5% of its peak value docaine N-ethyl bromide (QX-314), 1 CaCl 2 , 4 ATP-Mg (pH 9.9 { 0.5 ms after its onset (n Å 8 cells recorded in the presence adjusted to 7.2-7.3). After establishment of whole cell recording of APV). In control conditions, the NMDA component decayed conditions access resistance was maintained at õ10 MV and gener-to Ç10% of its maximal value after 100 ms. Thus, to quantify the ally compensated by Ç95%. No correction was made for the liquid NMDA component, we integrated the average mEPSC waveforms junction potential.
(acquired in the absence of APV) for a 90-ms time period beginMotoneurons were voltage-clamped with an Axopatch 200B am-ning 10 ms after the start of the mEPSC. This integral was used plifier (Axon Instruments). The membrane current was filtered at as an index of the NMDA-R-mediated charge transfer (e.g., see 2 kHz and recorded on a digital tape recorder (Biologic) for subse-Figs. 1A2 and 2A2). quent data analysis. This recorded signal was later low-pass filtered
In all cases the results are presented as means { SE. Significance (1 kHz) and sampled at 5 kHz (PClamp by Axon Instruments) to was accepted if P õ 0.05 for paired or unpaired t-tests as approacquire 120 s of continuously digitized data for identification and priate. analysis of the mEPSCs. mEPSCs were detected and analyzed by a computer program kindly provided by Dr. Pierre Vincent. Event R E S U L T S detection was done automatically and occurred when the recorded Whole cell recordings of spontaneous mEPSCs were made current showed a rapid excursion from the baseline and reached a preset current threshold. Detected events were viewed individually, from 27 cells (Fig. 1A) . Figure 1A shows that application D-Serine is an agonist at the glycine site with an EC 50 similar to that of glycine when measured in the same system (Monahan et al. 1989; Snell et al. 1988; Thomson 1990; Watson et al. 1990 ). However, D-serine is not transported by glycine transporters (Supplisson and Bergman 1997) and therefore should equilibrate rapidly between the perfusion solution and the synaptic cleft. We therefore measured the NMDA component of the mEPSCs after addition of various concentrations of D-serine (Fig. 2) . We observed that Dserine caused a concentration-dependent increase in the NMDA component of the mEPSCs. The augmentation occurred, however, at much lower concentrations than with glycine. A mean potentiation of 52 { 16% was detected with 1 mM D-serine, and somewhat larger increases were detected with 10 and 30 mM D-serine (Fig. 2B) .
To confirm the specificity of D-serine for the glycine binding site of the NMDA-R we tested whether its isomer Lserine could enhance the NMDA component of mEPSCs. The average EC 50 for L-serine at the glycine binding site of the NMDA-R is more than an order of magnitude greater than that for D-serine (Thomson 1990 ). Application of Lserine (1 mM) resulted in an NMDA component that was tions of glycine or nontransported glycine agonists of the NMDA-R (such as D-serine ). That the effective concentraof 50 mM APV (n Å 8 neurons) abolished the slowly decaying phase of the mEPSC, indicating that this latter portion tion of glycine for enhancement of NMDA-R-mediated mEPSCs is 100 times higher than that of D-serine demonof the mEPSC was due solely to activation of NMDA-Rs. After APV application, the remaining fast component of the strates that the glycine concentration in the synaptic cleft of glutamatergic synapses is regulated by a powerful glycine mEPSC was abolished by application of 5 mM NBQX (data not shown). These data indicate that mEPSCs recorded in uptake system. Various glycine transporters (GLYT1a, GLYT1b, and GLYT2 subtypes) are present within the rohypoglossal motoneurons result from activation of both NMDA and non-NMDA glutamatergic receptors (see also dent brain stem, and in particular within the hypoglossal motor nucleus (Borowsky et al. 1993; Guastella et al. 1992; (O'Brien et al. 1997) .
Addition to the perfusate of 30 mM glycine, a concentra-Jursky and Nelson 1996; Smith et al. 1992; Zafra et al. 1995) . This supports the idea that active transport by glycine tion that is saturating for all NMDA-Rs analyzed in isolated cells or in outside-out patches, did not produce a significant transporters could lower the local glycine concentration.
The maximal potentiation observed with the highest conchange of the NMDA component of the mEPSCs (Fig. 1B) . However, a significant increase was detected when the con-centrations of glycine (Fig. 1) and of D-serine (Fig. 2) was Ç100%. If one assumes that under these conditions saturacentration of exogenous glycine was raised to ¢100 mM. This increase was observed at both negative ( Fig. 1) and tion of the glycine site was attained then one can conclude that in the absence of exogenous glycine the synaptic glycine positive holding potentials (data not shown).
The mean potentiating effect of 100 mM glycine on the concentration is close to the value of the EC 50 of the glycine site. Previously, by using this same preparation, it was shown NMDA component of the average mEPSC was Ç40%, and additional increases occurred when the concentration was that in the absence of exogenous glycine, application of the glycine site blocker (L-689,560) abolished the NMDA raised to 300 mM and to 1 mM (Fig. 1B) . These results indicate that at synaptically activated NMDA-Rs the glycine component of mEPSCs (O'Brien et al. 1997) . Our current results do not allow us to determine the EC 50 for glycine binding site is not saturated. Further, the fact that high concentrations of exogenously applied glycine are required to quantitatively. Glycine affinity is known to depend on the subunit composition of the NMDA receptors (Mori and Misenhance NMDA-R-mediated mEPSCs suggests that the glycine concentration in the region of synaptically activated hina 1995). Recombinant receptors assembled from NR1 and NR2A subunits (or from their mouse equivalents j1 NMDA-Rs is tightly regulated by active glycine transport.
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